SUMMARY: This work aims to characterise the current autotrophic compartment of the Albufera des Grau coastal lagoon (Menorca, Balearic Islands) and to assess the relationship between the submerged macrophytes and the limnological parameters of the lagoon. During the study period the submerged vegetation was dominated by the macrophyte Ruppia cirrhosa, which formed dense extensive meadows covering 79% of the surface. Another macrophyte species, Potamogeton pectinatus, was also observed but only forming small stands near the rushing streams. Macroalgae were only occasionally observed. Macrophyte biomass showed a clear seasonal trend, with maximum values in July. The biomass of R. cirrhosa achieved 1760 g DW m -2 , the highest biomass ever reported for this species in the literature. The seasonal production-decomposition cycle of the macrophyte meadows appears to drive the nutrient dynamics and carbon fluxes in the lagoon. Despite the significant biomass accumulation and the absence of a washout of nutrients and organic matter to the sea, the lagoon did not experience a dystrophic collapse. These results indicate that internal metabolism is more important than exchange processes in the lagoon.
INTRODUCTION
Submerged aquatic macrophytes account for an important part of the primary production in shallow lakes (Margalef, 1983) . In coastal lagoons, which are amongst the most productive ecosystems in the world (Barnes, 1980) , the primary production is performed by macrophytes, macroalgae or, to a lesser extent, periphyton or phytoplankton (Castel et al., 1996; McGlathery et al., 2001) . The dominance of one of these groups of primary producers can be related to nutrient levels, but many factors appear to be involved (Duarte, 1995; Taylor et al., 1995; Valiela et al., 1997) . Nonetheless, the accumulation of significant biomass of either macroalgae or rooted macrophytes together with the highly dynamic character of coastal lagoons can periodically lead these systems to dystrophic crises (Castel et al., 1996; Viaroli et al., 1996; Duarte et al., 2002) .
The Albufera des Grau is a coastal lagoon located on the northeast coast of Menorca, Balearic Islands. The lagoon is the most important wetland of the island and one of the most well preserved coastal lagoons of the western Mediterranean. The few previous studies of the Albufera des Grau described different submerged vegetation in its recent history (Margalef, 1952; Pretus, 1989; Cardona, 2001 ). In the early 1950s the eminent ecologist Ramon Margalef described the flora of the lagoon as Chaetomorpheto-Polysiphonietum, with no indication of the presence of aquatic submerged flowering plants (Margalef, 1952) . During the 1980s the green macroalgae Chateomorpha crassa formed extensive beds covering 100% of the surface most of the time (Pretus, 1989) . A dystrophic crisis was reported due to a massive mortality of macroalgal beds after the entrance of seawater to the lagoon and subsequent salinity changes (Pretus, 1989) . The presence of rooted macrophytes in the lagoon was first reported in the 1990s in the seaward littoral areas, with an estimated cover of 40% (Cardona, 2001) .
The lagoon is isolated in the sense that the communication with the sea does not imply an important water renewal of the system. This means that the export of organic matter and nutrients to the sea is not as important as it usually is in other lagoons (Duarte et al., 2002) . In such a situation, we would expect the internal metabolism of the lagoon to play an important role in the trophic status of the system. Consequently, the knowledge of the trophic status including the relative importance of the different primary producers is essential for the understanding and further management of the lagoon.
This study aims to characterise the current autotrophic component of the lagoon and to assess the spatial and temporal variability of aquatic rooted macrophytes on a seasonal basis. A parallel description of the basic chemical parameters is also conducted to briefly discuss the relation of the production cycle with the metabolism of the lagoon.
MATERIAL AND METHODS

Study site
The Albufera des Grau has a surface area of 78 ha and a volume of 1 hm 3 (Fig. 1) . The average depth is 1.37 m and it reaches a maximum depth of 3 m (Pretus, 1989) . The climate is typically Mediterranean, with a mean air temperature of 17ºC and an annual precipitation of 599 mm during the last three decades. The lagoon receives freshwater inputs from two streams that drain an area of 56 km 2 , the watershed being mainly composed of Palaeozoic siliciclastic sands and silts and Mesozoic dolomites. Freshwater inputs are irregular and centred on spring and autumn. The lagoon is connected to the sea by a narrow, 500 m long channel, Sa Gola, in which a small floodgate allows the lagoon-sea connection to be regulated when the sand-barrier is opened. The water of the lagoon is oligo-mesohaline with a salinity of between 5 and 20 during the last five years. There is a marked seasonality in the salinity and water level due to the Mediterranean evaporation/precipitation regime, which can potentially lead the system to critical situations such as hypersaline events (up to 60 in 1995, authors' unpublished data), haline stratification and dystrophic events (Pretus, 1989; Cardona, 2001) .
Sampling methods
During the year 2000 the biomass of submerged macrophytes was determined at approximately monthly intervals at three littoral sites (~1 m depth) beneath dense meadows. Sites A and B were located near the rushing streams, while site C was located on the northern coast of the lagoon (Fig. 1) . Three replicates were conducted at each sampling site. Biomass samples were collected with a cylindrical core sampler of 16 cm diameter (Menéndez, 2002) and above-ground biomass was sorted by hand from the core. The sediment was sieved through a 1 mm mesh to collect below-ground biomass (rhizomes and roots). After sorting and cleaning with tap water, samples were dried (70ºC to constant weight) and weighed.
Macrophyte cover was determined in July 2000 by visual observation from a boat. Repeated diving immersions were performed in order to identify macrophyte species when necessary. The surface of the lagoon was divided into a 50 × 50 m grid, and the abundance of the macrophyte species was determined for each unit. The whole lagoon was surveyed. Macrophyte abundance was determined by a percent cover scale.
During the studied period the basic limnological parameters of the lagoon were determined monthly at a 3 m depth site in the central area of the lagoon. All samplings were conducted at the same time of the day. Five water samples were taken at different depths every 50 cm from surface to bottom. Water salinity, pH, temperature and oxygen concentration were determined in situ with field sensors (WTW Multiline P3 and WTW Cond315i). Water samples were filtered, stored frozen and analysed in the laboratory as soon as possible. Nutrient concentration (nitrate, nitrite, ammonia, total phosphorus and SRP) were determined following standard methods (Hansen and Koroleff, 1999) . Alkalinity was determined by potentiometric titration with H 2 SO 4 and Gran evaluation (Stumm and Morgan, 1981) . The parameters of the carbonate system (total dissolved inorganic carbon and partial pressure of CO 2 ) were calculated from the pH and alkalinity values using the dissociation constants for seawater (Millero, 1995) . Phytoplankton biomass was evaluated from pigment concentrations in water, which were extracted in 90% acetone and determined by the trichromatric method (Jeffrey and Humphrey, 1975) .
RESULTS
Spatial distribution and biomass of submerged vegetation
Two vascular submerged macrophytes were found during the survey of aquatic vegetation in the lagoon, Ruppia cirrhosa (Petagna, Grande) and Potamogeton pectinatus L., which formed dense extensive meadows all along the lagoon. Occasional occurrence of red algae (Polysiphonia spp., Gracilaria sp.) and filamentous green algae (Chaetomorpha crassa) was observed. In the study site emerged macrophytes (Scirpus maritimus and Phragmites australis) were also observed in narrow vegetated belts in some areas along the shoreline.
The spatial extent of macrophytes was dominated by R. cirrhosa, which was widely distributed throughout the lagoon, forming the denser beds in the littoral parts (Fig. 2) . Individual stands were also found at intermediate depths (1-2 m), with shoots reaching the surface. R. cirrhosa was only absent in the deepest part of the lagoon (>2 m), and its total area of appearance was estimated to be 59 ha. On the other hand, P. pectinatus only appeared forming small stands among R. cirrhosa meadows and its distribu- tion was limited to the areas near the entrance of freshwater streams to the lagoon (Fig. 2) .
Ruppia cirrhosa was present at the three sampling sites throughout the study period and showed a clear seasonal trend in terms of biomass at the three sampling sites (Fig. 3) . Similar trends in aboveground (shoots and leaves) and belowground (roots and rhizomes) biomass were observed. Aboveground biomass was below 300 g DW m -2 from January to April. In spring increasing values of biomass were observed until July, when it peaked with more than 1000 g DW m -2 at the three sites. Maximum achieved biomass was 1760 g DW m -2 at site A. The maximum belowground biomass was also observed in July at sites A and B, but was never above 300 g DW m -2 . During the summer the contribution of belowground biomass to total biomass was very small, and aboveground biomass accounted for more than 85% of total plant biomass on average. Beyond the biomass maximum, R. cirrhosa progressively declined and both above and belowground biomass decreased, quickly reaching the low values of the previous winter (below 300 g DW m -2 ) and then absolutely disappearing from the lagoon.
Potamogeton pectinatus only appeared at sites A and B (Fig. 3) . The maximum observed aboveground biomass of P. pectinatus was 576 g DW m -2 at site B, representing 80% of total plant biomass. From the few data available, no clear seasonal trends can be inferred, but it disappeared completely from the lagoon after July.
Water parameters
During the study period, water level was always below sea level (s.l.) and showed clear seasonal fluctuations with extremely low values in summer (Fig. 4) . The minimum level was reached in September, with -85 cm below s.l., leading to major littoral desiccation. From the bathymetry of the lagoon (Pretus, 1989 and unpublished data) we were able to estimate the desiccated area at approximately 31 ha. This value accounts for 40% of the total lagoon surface and 90% of the surface corresponding to littoral areas (<1 m depth). Average salinity was 17, but great seasonal variation was observed (Fig. 4) was observed (25). This increase was related to the evaporation balance and to the sporadic entrance of small amounts of seawater into the lagoon due to low water levels. During the study period the water column was always mixed and only smooth vertical gradients in salinity were observed. A clear seasonal trend in pH was observed, with a slight progressive increase reaching the maximum of 9.3 in June (Fig.  4) . A rapid decrease below seawater pH values was observed at the end of the summer. This variation in pH (range 7.3-9.3) occurred despite the high alkalinity of the water (Table 1) .
Nutrient concentrations were low during the study period (Table 1) . Dissolved inorganic nitrogen, DIN, ranged from 1 to 15 μmol L -1 and a progressive reduction was observed during the year (Fig. 5) . Soluble reactive phosphorus, SRP, showed a clear seasonal trend, peaking in summer (2 μmol L -1 ; Fig. 5 ). The total phosphorus, TP, including both dissolved and particulate forms of phosphorus, showed a similar trend (Fig. 5) . The lowest values (<1.5 μmol L -1 ) were found during winter and spring months, and the concentration started a progressive increase from June. The maximum TP was achieved in October, with 5.3 μmol L -1 . Chlorophyll a concentration was at intermediate levels during the winter months (5-12 μg L -1 ) and decreased during spring (Fig. 5) . In July the concentration began to increase progressively and achieved the maximum value of 25 μg L -1 in October, when the eutrophic situation started to revert.
Interestingly, the dissolved inorganic carbon, DIC, showed a clear seasonal trend. During the growing period of R. cirrhosa, the DIC concentration showed a progressive decrease and pCO 2 was below atmospheric equilibrium (Fig. 6) . After the summer minimum DIC concentration, a huge increase was observed, presumably due to the release of carbon from macrophyte biomass decomposition. A fast and dramatic supersaturation of CO 2 FIG. 4. -Temporal evolution of salinity, water level, pH and temperature during the study period. in the lagoon occurred in October (up to 3870 μatm, ten times the atmospheric partial pressure), but two months later the 370 μatm range of atmospheric equilibrium was recovered.
DISCUSSION
The Albufera des Grau is a macrophyte-dominated system in which R. cirrhosa is the most important species. The low diversity of macrophytes is typical of brackish-water systems (Remane and Schlieper, 1971) . The Ruppia meadow is densely distributed throughout the lagoon, especially in the littoral areas. The total estimated macrophyte cover was 80% of the lagoon surface, of which only 2% corresponded to mixed Ruppia-Potamogeton meadows (Table 3 ). The dominance of R. cirrhosa over P. pectinatus is probably due to the salinity range observed in the lagoon, which is in accordance with the salinity tolerance of these species (Verhoeven, 1980a) . Indeed, P. pectinatus disappears in July when salinity increases sharply from 16 to 23.
The biomass of R. cirrhosa observed in this study is clearly the highest value ever reported for this species in the literature (Table 2 ) and indicates the importance of benthic production in the lagoon.
Such high biomass may be related to the high irradiance and warm temperatures typical of the Mediterranean climate. Moreover, in a situation without light limitation, the greater depth of the littoral areas of the Albufera des Grau in comparison with other reported Mediterranean coastal lagoons could presumably be involved in the achievement of such high biomass values.
A clear seasonal trend in the production and decomposition of the Ruppia meadows was observed at the three sampling sites, which only differed in the maximum values of Ruppia biomass. The lower biomass at site B may be related to the high biomass of P. pectinatus at the sampling site (Fig. 3) but further work is required to confirm this assumption (Verhoeven, 1980a; Menéndez et al., 2002) . Similarly, the lower biomass at site C may be related to differences in sediment composition and to the presence of macroalgae at the sampling site (346 g DW m -2 of Polysiphonia sp., authors' unpublished data).
The macrophyte production-decomposition cycle seems to drive most of the limnological parameters of the lagoon. During the macrophyte growing period nutrient concentrations are low, presumably limiting phytoplankton growth. biomass takes place (Menéndez et al., 2003) , as suggested by the increase in SRP and DIC in the water column. The increase in DIC is actually delayed in relation to SRP and could also be related to carbonate dissolution due to low pH. On the other hand, a fast release of nutrients is expected due to the high decomposition rate of R. cirrhosa biomass (Menéndez et al., 2003; Menéndez et al., 2004) . The average expected time to decompose 50% of R. cirrhosa biomass in the Albufera des Grau is 2 months (calculated from measured decomposition rates in the Albufera des Grau, authors' unpublished data), and the whole macrophyte community is mineralised after a year cycle (230 days to decompose the 95% of biomass). The nutrient release is presumably responsible for the autumn proliferation of phytoplankton, as suggested by the synchronous peak in chlorophyll a and TP concentrations. The increase in TP could be explained by a release of SRP from the sediments due to low pH, but such an increase in SRP was not observed and SRP actually decreased. This observation, together with the increase in chlorophyll a, strongly suggests that SRP is incorporated into phytoplankton and that the peak in TP is thus reflecting phytoplankton growth. The constant or even decreasing DIN, which is synchronous with the increase in SRP, may be due to a fast incorporation of nitrogen into phytoplankton or due to denitrification beneath the dense littoral meadows. Thus, anoxic conditions near the bottom are expected to be common in the littoral areas with large amounts of biomass (Calado and Duarte, 2000) . However, the system did not fall into dystrophy as no hypoxia was observed in the open water (the oxygen saturation concentration in the open waters never decreased below 70%; Table 1 ).
The great reduction of DIC during the macrophyte growing period may cause both phytoplankton and macrophytes to be limited by carbon. Indeed, the minimum CO 2 concentration was below the compensation point described for R. cirrhosa (Table 1, Peñuelas and Menéndez, 1990) . R. cirrhosa, however, is highly adapted to low CO 2 values because of its ability to use HCO 3 - (Peñuelas and Menéndez, 1990; Hellblom and Axelsson, 2003) . Nonetheless, a HCO 3 -concentration below R. cirrhosa's compensation point have been observed in the littoral waters of the Albufera des Grau on a typical summer daily cycle, suggesting growth limitation by inorganic carbon during extremely productive periods (authors' unpublished data).
With regard to the important role that macrophyte meadows play in the lagoon carbon cycle, the question of the stability of such a productive system in relation to the fluctuating physical factors (salinity and water level) emerges. In summer 2001 a new macrophyte mapping was conducted in order to evaluate the recovery of the meadows after the littoral desiccation of the previous summer. In 2001 only monospecific meadows of R. cirrhosa were observed, with no presence of P. pectinatus. This may be due to the higher salinities observed during the growing period (up to 14-20, unpublished data). As in 2000, dense stands of R. cirrhosa occupied littoral areas and sparse individuals were found in the central part of the lagoon. The total meadow area was estimated at 64 ha (Table 3) , slightly higher than that observed in 2000. This expansion of R. cirrhosa, despite the very low water levels of the previous year, is consistent with the high tolerance to desiccation described for this species (Adams and Bate, 1994; Gesti et al., 2005) .
In conclusion, despite the magnitude of carbon fluxes in the lagoon, as exemplified by the huge pCO 2 increase in autumn, the system did not collapse into a dystrophic crisis, as would probably have been the case in a macroalgae-dominated situation in which a faster return of nutrients is expected (Viaroli et al., 1996, Viaroli and Christian, 2003) . The phytoplankton proliferation due to nutrient release did not achieve extreme chlorophyll a concentrations. Because the water level was below s.l. throughout the year, no outputs to the sea occurred. Consequently, the fast recovery of spring conditions (low phytoplankton and nutrient levels and pCO 2 near atmospheric equilibrium) occurred without the washout of nutrients or organic matter to the sea, and was more related to the internal metabolism of the lagoon. This is in discordance with other similar systems where an export of organic matter and nutrients to the sea or even a harvesting of macrophyte biomass help prevent eutrophication (Calado and Duarte, 2000; Duarte et al., 2002) .
